significantly lowers the rate of postoperative CSF leaks compared with reconstruction with free grafts. For this reason, pedicled flaps, such as the anteriorly based pericranial, temporoparietal fascial, temporalis muscle, and galeopericranial flaps, are frequently used to reconstruct the cranial base. 6, 7, 9, [15] [16] [17] 19, 23, 24, 26, 31, 32, 37 More recently, endoscopic endonasal approaches have been popularized and a vascular pedicled flap of the nasal septum based on the nasoseptal artery (Hadad-Bassagasteguy flap or nasoseptal flap [NSF] ) has also been introduced for skull base repair and is used extensively. 17, 24 The aim of this report is to detail the surgical and anatomical properties of these versatile pedicled tissue flaps and to establish the technical nuances for multilayered skull base repair in clinical cases where these flaps may be used in combination.
methods anatomical dissection
Five formalin-perfused adult cadaveric heads were used for this study. The arteries and veins were injected with red or blue silicone rubber (Dow Corning Corp.), Thinner 200 (Dow Corning Corp.), and an RTV catalyst (Dow Corning Corp.), and then dissected and studied. The cadaver dissections followed the steps of the surgical procedure. The specimens were cut sagittally to dissect the sphenopalatine artery, posterior septal artery, and nasal septum. Dissection was performed of the temporalis fascia-pericranial flap, the temporoparietal fascial flap, the anteriorly based pericranial flap, and the NSF. All anatomical specimens were dissected at the Surgical Neuroanatomy Laboratory at the University of Florida in Gainesville, Florida.
surgical cases
After approval from the University of Oklahoma Medical Center Institutional Review Board, we performed a retrospective chart review of 11 consecutive patients who had undergone surgical repair of a CSF fistula because of extensive fractures of the anterior skull base. All 11 patients were treated at the University of Oklahoma Medical Center between January 2009 and July 2014. All repairs included various combinations of the temporalis fasciapericranial flap, the temporoparietal fascial flap, the anteriorly based pericranial flap, and the NSF. The NSF was used either primarily during initial repair or as a salvage procedure after failed initial repair with an anteriorly based pericranial flap. Patients with simple fractures who were managed with only 1 flap were not included (Table 1) .
results surgical anatomy of the scalp
The numerous layers of well-vascularized tissue that constitute the scalp allow for several flap options during flap selection for skull base repair. The scalp consists of skin, subcutaneous tissue, galea aponeurotica, subgaleal loose connective tissue, and periosteum (Fig. 1) . The subcutaneous layer is adherent to the overlying skin and the underlying galea aponeurotica. The galea aponeurotica is a layer of dense fibrous tissue that blends anteriorly with the frontalis muscle and posteriorly with the occipitalis muscle and is contiguous with the temporoparietal fascia at the superior temporal line (Fig. 2) . The subgaleal fascia and the adherent periosteum overlying the skull define the pericranium, which is contiguous with the deep temporal fascia in the temporal region. The blood supply to the pericranium is derived from several sources located anteriorly, laterally, and posteriorly. Lateral dissection is performed in the same plane superficial to the superficial layer of the temporal fascia to within 2-4 cm of the body of the zygoma and the zygomatic arch (Fig. 3) .
The supraorbital, supratrochlear, superficial temporal, greater auricular, and occipital arteries all contribute to the vascular supply of the pericranium (Fig. 4) . Within the pericranium, there is an extensive interconnection of axial vessels, as well as communication with perforators arising from the calvaria. The deep divisions of the supraorbital and supratrochlear vessels vascularize the pericranium anteriorly. After rising from the bony foramina at the superior orbital rims, both vessels divide into a larger superficial vessel, which traverses the galea aponeurotica and runs cephalad to the pericranium in an axial orientation. Laterally, these multiple axial vessels that supply the pericranium in the temporoparietal area can be demonstrated by injecting red and blue silicone rubber into the superficial temporal arteries (STAs) and veins ( Figs. 1-3) . The STA divides into anterior and posterior branches approximately 2 cm superior to the zygomatic arch. The anterior branch supplies blood to the temporoparietal fascial, galeal, and galeopericranial flaps. The middle temporal artery is a branch of the STA that usually originates 0.5-2 cm below the zygomatic arch. The middle temporal artery enters the deep temporal fascia immediately superior to the zygomatic arch and continues superiorly. It sends perforators into the temporalis muscle, where anastomoses are built with the deep temporal artery, which is a branch of the internal maxillary artery. Posteriorly, the occipital artery and the greater auricular artery supply the pericranium. Inferior and deep to the pericranium lies the temporalis muscle within the temporal fossa. This muscle receives its blood supply from the anterior and posterior deep temporal arteries, which arise from the internal maxillary system deep to the zygomatic arch. Additional blood supply is derived from the middle temporal artery, which originates in the STA and enters the muscle laterally.
Thus, laterally, the deep or STAs supply blood to various flaps that can then be obtained and used as vascularized flaps (Figs. 4-6 ). The pedicled temporalis muscle flap is a reliable, highly versatile flap composed of the temporalis muscle and the overlying temporalis fascia. This vascularized flap is based on the anterior and posterior deep temporal arteries. The pericranium in this area, which is firmly attached to the deep fascia of the temporalis muscle, is supplied by the superficial temporal vessels and can be elevated together with the fascia (Figs. 5 and 6 ). In contrast, the temporoparietal fascial flap or the galeal flap is a pedicled flap based laterally on the STAs (Figs. 2 and  3 ). These highly vascularized lateral flaps are an excellent source for repair of skull base defects and will be detailed separately in the following sections.
pericranial Flap design and temporalis muscle Fascia-parietal pericranial Flap
The pericranial flap can be designed based on its axial blood supply (Fig. 6) . The anteriorly based flap receives its blood supply primarily from the supraorbital and supratrochlear arteries. It can be designed unilaterally or widely using a bilateral blood supply. However, pericranial flaps of considerable size may be based on either side of the temporoparietal skull. Such flap design may be unilateral or bilateral and may include the temporalis fascia inferiorly (Table 2) .
For the unilateral temporalis fascia-pericranial flap, the pericranium can be designed for a laterally based flap (Figs. 5 and 6 ). The pericranium can be incised contralaterally to the pedicle of the flap at the proposed marked lines, with a subperiosteal dissection that ensues laterally toward the superior temporal line. The elevation of the sheet of pericranium, together with the temporalis fascia and muscle, continues toward the contralateral side to the level of the zygoma. This fascial/pericranial flap is then elevated off the temporalis muscle bluntly toward the ipsilateral side, where the vascular pedicle is formed that contains a deep temporal supply. While remaining pedicled, the flap is lifted out of the surgical field (Fig.  6) . The anteriorly based flap can then be dissected in the subperiosteal plane to the orbital rims, as in the standard exposure, which creates a dual flap for repair (Figs. 5 and 6). The pedicled temporalis fascia-pericranial flap sheet is an excellent flap with a versatile arc of rotation and adequate length for extensive skull base reconstruction (Table  2) ; the temporalis muscle itself is seldom used for reconstruction and is sutured back to the anterior part of the temporal fossa to help decrease postoperative temporal fossa hollowing and poor cosmesis (Fig. 6) . A vascularized temporalis fascia-pericranial flap of 14-20 cm can be dissected and used for tissue transfer (Fig. 6) .
temporoparietal Fascial Flap
The galea aponeurotica is usually tightly attached to Sphenoid sinus defect after gross-total resection of trigeminal schwannoma
Tumor resection & lateral TFPF, followed by endonasal resection & NSF 5 6.6 None; no CSF leak APF = anterior pericranial flap; FU = follow-up; GCS = Glasgow Coma Scale; GOS = Glasgow Outcome Scale; MCC = motorcycle collision; MVC = motor vehicle collision; NF1 = neurofibromatosis type 1; TFPF = temporalis fascia-pericranial flap.
the skin and the subcutaneous tissue, making separation relatively difficult. However, it is more mobile superiorly on the firmly adherent pericranium and inferiorly on the temporalis muscle, from which it is separated by the subgaleal fascia (Figs. 2, 4, and 5; Table 2 ). Thus, beginning the dissection inferiorly near the ear, and then working cephalad, facilitates identification of the correct plane. Before dissection of the flap is initiated, the vascular pedicle should be identified that contains the STA and the vein anterior to the tragus. Here, the artery measures 1.8-2.4 mm in diameter and is usually posterior to the larger vein. Damage to the hair follicles can be avoided by dissecting the temporoparietal flap under microscopic magnification just deep to the cutaneous follicles (Fig. 2) .
With the operative microscope, the endocranial surface of the skull base is inspected posterior to the planum sphenoidale and the sphenoid wing. For repair of the cranial base, the pedicled flap is placed extradurally along the anterior floor of the skull, and then sutured to the dura for a watertight seal with the use of the operative microscope. A posterior-releasing incision must be made in the laterally based temporalis flap to allow proper rotation into the cranial cavity (Fig. 6) . The interfascial dissection should be performed to preserve the frontal branches of the facial nerve, which traverse the temporoparietal fascia toward the frontal muscle after crossing over the zygoma. After interfascial dissection, the temporoparietal fascia and the superficial layer of the temporal fascia are reflected anteriorly with the skin flap, and the deep layer of the temporal fascia is exposed. The bilateral interfascial dissection extends over the superior temporal line to the frontal region, and the pericranium is exposed. The areolar layer in the frontal region is identified between the galea aponeurotica and the pericranium and should be left on the pericranium. The pericranium in the frontal region is supplied by the supraorbital and supratrochlear arteries. a. = artery; m. = muscle; Sup. = superior; temp. = temporal. Figure is available in color online only.
Nasoseptal Flap
The endoscopic endonasal approach and repair with an NSF can be performed for extensive fractures involving large defects in the sphenoid and ethmoid sinuses or as a salvage procedure when other flaps have been used and patients have persistent CSF leaks ( Table 2) . In this procedure, a minimally invasive approach to the sphenoid is used that is similar to the approach for sella turcica lesions. A blunt elevator is used to lateralize the middle turbinate. Repair then proceeds with elevation of the NSF, as described recently. 17, 24, 38 In general, the nasal septum is highly vascularized by branches of the sphenopalatine artery, the anterior and posterior ethmoid arteries, and the greater palatine and labial arteries. The NSF can be designed based on the nasoseptal artery, which is a terminal branch of the internal maxillary artery, according to the size and shape of the skull base defect (Figs. 7 and 8) .
Within the pterygopalatine fossa, the maxillary artery terminates as the sphenopalatine artery and descending palatine arteries (Figs. 7 and 8) . The sphenopalatine artery then divides into the posterior lateral nasal artery and the posterior septal artery. The posterior septal artery originates usually just before the sphenopalatine foramen within the pterygopalatine fossa (Fig. 8) . Therefore, in most cases more than 1 vessel will traverse the sphenopalatine foramen. After the posterior lateral nasal artery passes through the sphenopalatine foramen, it courses inferiorly and vertically. The posterior septal artery passes through the sphenopalatine foramen and then runs on the anterior wall of the sphenoid sinus between the sphenoid ostium and the choana to reach the posterior aspect of the nasal septum (Fig. 8 ). The posterior septal artery then bifurcates into a superior branch and an inferior branch. It is important to preserve this posterolateral neurovascular pedicle while elevating the flap from the anterior face of the sphenoid sinus (Fig. 8) The sphenopalatine foramen lies just above the level of the attachment of the middle turbinate (Fig. 8) . The NSF is harvested by making a vertical incision, using a no. 11 or no. 15 blade on a long handle, on the nasal septum anterior to the middle turbinate at the bonecartilaginous junction. The flap is raised in a subperiosteal-subperichondrial plane back to the sphenoid rostrum. The inferior incision follows the free edge of the posterior septum and then crosses the posterior choana. The size of the flap can be tailored to the reconstruction needs of the patient, and the inferior incision may be designed to include the mucoperiosteum within the floor of the nose (Fig. 8) . The superior incision extends laterally to cross the rostrum of the sphenoid sinus at the level of its natural ostium. The cranial incision should be placed below the area of the olfactory epithelium. Once inferior and superior cuts are made to free the flap, it can then be rotated (Fig.  7) . A highly vascularized, posteriorly pedicled flap has an excellent arc of rotation; however, it is important to ensure that the vascular pedicle does not twist in upon itself (Fig.  7) . The flap can be rotated toward the ventral skull base with the mucoperichondrial/mucoperiosteal surface of the NSF in direct contact with the ventral skull base defect.
discussion pericranial Flap design
Prior to the routine use of vascularized tissue flaps for skull base reconstruction, free grafts of biological or synthetic material were used as the primary reconstructive technique. 4, 18 However, the repair of large defects using free grafts may result in rates of postoperative CSF leaks of up to 40%. 14, 18, 20 Classic repair of the anterior skull base uses an anteriorly based pericranial flap as the primary means to repair anterior cranial floor defects due to multiple etiologies. 3, 21, 23, 33, 35 Its popularity can be attributed to various factors. It is an easy flap to harvest, and it does not often require additional incisions.
3,21,23,33,35
It also has a rich blood supply from the supraorbital and supertrochlear arteries, which ensures viability and allows for its quick incorporation into the surrounding tissue. 3 However, various problems with this flap have been identified, and 10%-17% of patients have persistent CSF leaks after initial repair, which suggests flap failure. 10, 13, 34 Furthermore, the length of the anteriorly based pericranium is limited and has a limited arc of rotation that reduces the versatility of this flap. Trauma to the anterior forehead (comminuted fractures, radiation treatment, and extensive tumors) may compromise the vascular supply from the supraorbital and supratrochlear arteries, potentially obviating this flap design in some cases. 35 However, as shown in our study, the design of the pericranial flap can be based on its axial blood supply. The laterally based pericranial flap is a pedicled vascularized flap based on the superficial and deep temporal arteries. 3 The highly vascular nature of this layer allows the design of a multitude of flaps that can be used for local tissue transfer.
3 Laterally, various flaps supplied by the deep or STAs can be obtained and used as vascularized flaps. The temporalis muscle flap comprises the temporalis muscle and the overlying temporalis fascia. 1, 2, 5, 8 It is a vascularized flap based on the anterior and posterior deep temporal arteries. 1, 2, 5, 8 As demonstrated in our anatomical dissection and clinical cases, the pericranium in this area is firmly attached to the deep temporalis muscle fascia and can be elevated together with the fascia. The pedicled fascia-pericranium sheet gives rise to a long, versatile flap that is usually sufficient for extensive cranial base reconstruction. Therefore, the temporalis muscle itself does not need to be used for reconstruction, which avoids postoperative temporal fossa hollowing, poor cosmesis, and jaw movement limitations. However, if needed, the posterior aspect of the muscle can be divided and used as a flap with satisfactory cosmetic results.
1,2,5,8 temporoparietal Fascial Flap
The temporoparietal fascial flap or galeal flap is a vascularized flap based laterally on the superficial temporal vessels. Laterally based temporoparietal fascial flaps have been used in many areas, especially in head and neck reconstruction. 32 Taha et al. 36 described the use of temporoparietal fascial flaps for repair of a large traumatic middle cranial fossa CSF fistula via a middle cranial fossa approach. However, the disadvantage of this flap is potential damage to the hair follicles that results in postoperative alopecia. 35 Additionally, dissection of the galeal layer from the subcutaneous tissue may cause scalp necrosis. 35 Therefore, we reserve this flap for use in patients with no laterally based pericranium available.
Nasoseptal Flap
More recently, a vascular pedicled flap of the nasal septum mucoperiosteum and mucoperichondrium based on the nasoseptal artery (Hadad-Bassagasteguy flap/NSF) This flap is pedicled by the supraorbital and supratrochlear arteries. In these dissections (A-C), a dual flap has been formed on the right side, with a temporoparietal fascial flap pedicled on the STA. Note that the anteriorly based pericranial flap has a relatively small surface area and a limited arc of rotation. The laterally based temporoparietal fascial flap is 14-20 cm long, with a large surface area and an excellent rotational arc. The temporalis muscle receives blood supply from the anterior and posterior deep temporal arteries, which arise from the internal maxillary system deep to the zygomatic arch (not shown). Additional blood supply is derived from the middle temporal artery, originating from the STA and entering the muscle laterally. In the cadaveric dissections, the temporoparietal pericranium has not been elevated. The pericranium in this area is firmly attached to the deep fascia of the muscle and is supplied by the superficial temporal vessels and can be elevated together with the muscle and its fascia. was introduced and used via an endonasal approach. 17, 24, 26 This versatile and highly vascularized NSF provides a large surface area with a superior arc of rotation, which can be obtained easily with an endoscopic endonasal approach. These qualities are particularly beneficial for the reconstruction of skull base defects. Therefore, of the local and regional vascularized flaps, the NSF has become the workhorse of endonasal skull base reconstruction, 24, 26 and endoscopic repair with use of the vascularized pedicled NSF is now considered the gold standard for most CSF leak repairs, because it is safe and effective. 19, 29 "dual" and "triple" combination Flaps Persistent CSF leaks after previous attempted repair can be challenging to manage, and the literature that evaluates the use of combination flaps for multilayer closure of large skull base defects is scant. 11, 12 Multiple flaps for complex skull base defects should be in the armamentarium of comprehensive skull base surgery centers. 25, 29 Multilayer cranial base reconstruction has been reported to lead to satisfactory results in preventing delayed frontal lobe sagging.
11,12 Eloy et al. 11 used a triple-layer reconstruction using autologous fascia lata inlay, acellular dermal allograft inlay/overlay, and NSF to reconstruct large cribriform defects in 10 patients. Like these authors, we have abandoned the use of postoperative lumbar drains. None of our patients who underwent a combined endoscopic and microsurgical approach and multilayer closure with 2 or more vascularized flaps required reoperation or had a persistent CSF leak. We have adopted a vascularized pedicled NSF and a fat graft for primary reconstruction as a combination flap and as a salvage method to treat refractory CSF rhinorrhea after previous open repair. In complex fractures and defects, multilayered combination repair with dual or triple flaps can be used effectively, as shown in our patients. This approach obviates the need for vascularized calvarial bone transfer for bone reconstruction of the skull base to prevent flap migration and brain sagging. 12, 22 The dual flap technique uses the anteriorly pedicled pericranium, if available and uncompromised, for frontal sinus repair and laterally based temporalis fascia-pericranial flap for ethmoid and sphenoid fractures. This approach may be augmented further via an endoscopic approach of the exocranial surface and utilization of the triple flap technique, which includes application of an NSF. However, NSF may be reserved for use as salvage therapy if there is a persistent leak after open repair of the endocranial surface, as shown in 3 of our clinical examples. Benefits of this multilayered closure technique using multiple vascularized local flaps are a low likelihood of flap necrosis and failure, local harvest of the flap during repair of associated cosmetic defects or tumor resection, and rapid and decisive repair that obviates the need for synthetic material and prevents delayed brain sagging and CSF leak.
conclusions
Multilayered closure of cranial base defects with vascularized tissue leads to excellent outcomes. Multiple pedicled flaps are available for reconstitution of the skull base. These vascularized tissue flaps can be used effectively as single flaps or in combination. Dual and triple flap techniques combining the use of various anteriorly and laterally pedicled vascularized flaps and the NSF allow for a comprehensive arsenal in skull base repair and salvage therapy for extensive defects. When patients meet surgical criteria, these repair techniques result in low morbidity and no deaths, with excellent functional and cosmetic outcomes, void of recurrent CSF leaks and meningitis. Knowledge about the surgical anatomy of various flaps for complex skull base defects should be in the armamentarium of skull base surgeons everywhere.
references

